The bacterial plant pathogen Xanthomonas axonopodis pv. vesicatoria, also known as Xanthomonas campestris pv. vesicatoria group A, is the causal agent of bacterial spot in pepper and tomato. In order to test different models that may explain the coevolution of avrBs2 with its host plants, we sequenced avrBs2 and six chromosomal loci (total of 5.5 kb per strain) from a global sample of 55 X. axonopodis pv. vesicatoria strains collected from diseased peppers. We found an extreme lack of genetic variation among all X. axonopodis pv. vesicatoria genomic loci (average nucleotide diversity, ‫؍‬ 9.1 ؋ 10 ؊5 ), including avrBs2. This lack of diversity is consistent with X. axonopodis pv. vesicatoria having undergone a recent population bottleneck and/or selective sweep followed by population expansion. 
Plant resistance (R) genes and the pathogen elicitor genes they detect play a crucial role in the ability of a plant to successfully defend itself against pathogen attack (10) . The genes encoding the pathogen elicitors that are detected by plant R genes historically have been termed "avirulence" (avr) genes. The ability of a plant R gene to recognize a pathogen elicitor is very specific; hence, the interaction is known as the "gene-for-gene" interaction. Plant R gene recognition of a pathogen elicitor sets up a rapid and robust defense response in the plant that severely limits the ability of a pathogen to multiply within plant tissues (10, 19) . While our understanding of the molecular biology of gene-for-gene interactions has greatly increased within the last few years (1, 5, 16, 29, 47) , we still know very little about the coevolutionary forces that shape these systems. Most of the progress made in our understanding of the evolution and maintenance of genes involved in this interaction has focused on the plant side of the story, i.e., on R genes (9, 49, 50, 52, 64, 72) . Although a few studies have examined the variation within alleles of bacterial avr genes (27, 38, 67) , these studies used small, nonrandom samples of pathogens and thus were not designed to examine the evolutionary history of avr genes or the pathogens that carry them.
Two evolutionary strategies are often invoked to explain gene-for-gene coevolution, balancing selection or an "arms race." These two strategies are expected to leave distinct patterns of genetic diversity at the target locus (8) . An "arms race" model of coevolution predicts that selective sweeps of adaptation between host (R gene) and pathogen (avr gene) should reduce both the number of alleles and the genetic diversity at these loci. In contrast, under balancing selection, multiple alleles at R gene and avr gene loci are maintained over long stretches of evolutionary time, which results in the maintenance of high genetic diversity linked to these loci. Within bacteria, selection for a single gene will result in selection for the entire bacterial chromosome harboring that gene (a phenomenon known as genetic hitchhiking), due to the fact that the bacterial chromosome comprises a single linkage group. Hence, strong selection for a single bacterial gene (a selective sweep) may cause an entire chromosome to become predominant in the population, leading to a populationwide reduction in genetic variation (62) . The extent of reduced genetic variation within the bacterial chromosome depends on the amount of subsequent recombination (i.e., horizontal gene transfer) in the bacterial population; a high recombination rate will keep the linkage block around the selected gene small and lead to more chromosomal diversity away from the selected gene. For these reasons, in order to accurately assess the evolutionary pressure acting on a bacterial gene, it is necessary to understand the pattern of genetic variation (and the pattern of linkage disequilibrium) across the entire bacterial chromosome.
We chose to focus on the bacterium Xanthomonas axonopodis pv. vesicatoria and two of its avr genes: avrBs2 and avrBs1. X. axonopodis pv. vesicatoria is the causal agent of bacterial spot disease in peppers and tomatoes and can cause severe economic losses in both of these crops, especially in warm and humid regions like the southeastern United States. One of these avr genes, avrBs2, is found within the chromosomes of many species of Xanthomonas (37) and has been found in all X. axonopodis pv. vesicatoria isolates examined. This is unlike many other avr genes, which are often carried on plasmids and are not found across a large number of strains or species. avrBs2 is an important gene in the pathogenesis of Xanthomonas, and the pathogen incurs a significant fitness cost upon the removal of avrBs2 (37, 70, 77) . For this reason, the R gene that recognizes avrBs2, named Bs2, has been introduced extensively into cultivated pepper within the past decade. Indeed, by the mid 1990s, many cultivated pepper varieties in the United States carried at least one copy of Bs2 (39) , creating intensive selective pressure on the pathogen to respond with changes within avrBs2 (27, 39) . Unlike avrBs2, avrBs1 is carried on a large endogenous plasmid (66) and is not found within all strains. avrBs1 has been shown to confer a fitness benefit on X. axonopodis pv. vesicatoria in the field, but this benefit is much smaller than, and has an epistatic interaction with, the benefit contributed by avrBs2 (77) .
In this study, we attempted to understand the evolutionary forces that have acted on avrBs2, avrBs1, and X. axonopodis pv. vesicatoria in general. To our knowledge, this is the first attempt to directly examine historic and recent responses of avr genes to selection pressures within the context of the evolution of the pathogen. Without knowledge of the evolutionary processes shaping avr genes in bacterial populations, we cannot fully understand the dynamics underlying gene-for-gene interactions. In addition, understanding the genomic context and underlying population structure in which avr genes exist is valuable, as genes do not act independently but are influenced by the genomic makeup of the species. Ultimately, this knowledge will help us to understand an organism's potential as a pathogen (59) .
We examined the genetic variation in two X. axonopodis pv. vesicatoria avr genes and within the X. axonopodis pv. vesicatoria chromosome in 55 strains of this pathogen, representing a worldwide sample of pathogens collected from diseased peppers. We found that the global X. axonopodis pv. vesicatoria population is extremely clonal, with very little genetic variation throughout the chromosome, including avrBs2 and the plasmidborne avrBs1. The paucity of genetic variation is consistent with recent evolution or population expansion of the species. We calculate that the most recent common ancestor of the current X. axonopodis pv. vesicatoria population occurred between 28 and 1,432 years ago, which overlaps well with human manipulation of the bacterium's host plants: pepper and tomatoes.
MATERIALS AND METHODS
Bacterial strains, culturing, and DNA extraction. Unless otherwise stated, two different media were used interchangeably to culture Xanthomonas bacteria: nutrient broth and nutrient yeast glycerol (5 g peptone, 3 g yeast extract, and 20 g glycerol per liter). For plates, 15 g agar per liter was added. For long-term storage, bacterial stocks were kept at Ϫ80°C in 15% glycerol. Total genomic and plasmid DNA was extracted using the cetyltrimethylammonium bromide method of Ausubel et al. (4) .
Xanthomonas strain typing. To confirm the species (or groups) of the 55 Xanthomonas strains, we analyzed the restriction patterns of PCR-amplified HrpB, after the method of Obradovic et al. (53) . Distinct restriction digest patterns enable differentiation among all four Xanthomonas species or groups. To assess general colony morphology, strains were grown on nutrient yeast glycerol plates for 3 days at 30°C. To test for amylolytic ability, strains were grown on nutrient broth plates with 1% soluble potato starch for 3 days at 30°C, after which a clearly defined halo surrounded colonies with amylolytic ability.
Plasmid profiles. Endogenous plasmids were analyzed using a method developed by D. Dahlbeck (personal communication). Cells were scraped from a fresh plate and resuspended in 1 ml of 10 mM potassium phosphate buffer to an optical density of approximately 0.25 at 600 nm. The cells were then pelleted, resuspended in 25 l of buffer, and lysed with the addition of 175 l lysis buffer (125 mM NaOH, 30 mM NaCl, 50 mM Tris, pH 8.0, 5 mM EDTA, 3% sodium dodecyl sulfate [sodium dodecyl sulfate added after NaOH]). After addition of lysis buffer, the cells were vortexed vigorously for 1 second and then incubated at 65°C for 5 min. DNA was extracted by adding 400 l of phenol-chloroformisoamyl alcohol (25:24:1) and then vortexing the emulsion vigorously for 30 seconds. The emulsion was broken by centrifugation at 14,000 rpm for 5 min. Plasmid preps are stable and reusable for several weeks. An aliquot (10 to 15 l) of the upper phase was mixed with 3 l of loading dye (0.2% bromophenol blue, 0.2% xylene cyanol FF, 40% glycerol) and loaded onto a 0.7% gel. The gels were run at 80 V for 2.5 h in 1ϫ TAE buffer (0.04 M Tris acetate, 0.001 M EDTA, pH 8.0) and stained with ethidium bromide for visualization. Plasmid preps and gel electrophoresis were performed at least twice for each strain; plasmid sizing was calculated once per strain. Plasmids sizes up to approximately 300 kb can be resolved using this method.
Plasmid sizing. Two supercoiled DNA ladders were used to determine the sizes of endogenous plasmids: BAC-Tracker from Epicentre (8 to 165 kb) and Invitrogen (2.067 to 16.21 kb). Plasmid sizing was performed as described by Canteros et al. (15) . Briefly, the distance traveled by each band in the ladders was measured and log 10 transformed. A linear regression equation for each gel was calculated by considering the log 10 of the migration distance as the independent variable and the log 10 of the ladder band size (kb) as the dependent variable. The approximate sizes of the endogenous X. axonopodis pv. vesicatoria plasmids were calculated using the regression equations for each gel, based on the log 10 -transformed migration distance for each plasmid band in each strain. The two ladders were treated independently, resulting in two regression equations per gel. Only the 28-to 165-kb bands were used to calculate the regression equations for the larger size standard (BAC-Tracker; Epicentre). Regression equations based on the smaller size standard (2.067 to 16.21 kb; Invitrogen) were applied only to plasmids of approximately 18 kb or smaller. The reported plasmid profiles are conservative; very faint bands appearing in a strain were not counted toward the strain's plasmid profile. Also, very subtle differences in the distance traveled by bands of nearly identical sizes were assumed to be gel variations and not reflective of different-size plasmids.
PCR conditions and sequencing. Table 2 lists all PCR primers and conditions used in this study; PCR primers also doubled as sequencing primers. Four sets of primers were used to perform PCR and to sequence a 2.2-kb fragment containing the entire avrBs2 coding region plus roughly 150 bp of 5Ј flanking DNA. avrBs2 primers were designed based on the avrBs2 sequence submitted to (GenBank accession no. AF114720). We tested for the presence of avrBs1 in all Xanthomonas strains by a PCR-based assay. We first attempted to amplify the full-length avrBs1 gene, open reading frame 2 (ORF 2) (58). All strains for which no full-length avrBs1 was amplified were tested with four additional sets of internal avrBs1 primers to determine if polymorphism at the initial primers prevented amplification. No internal PCR product was ever generated from strains that were negative for full-length avrBs1. All strains that tested positive for avrBs1 by PCR were tested on pepper plants carrying the matching resistance gene (Bs1) to determine whether the avr gene was functional. All sequencing reactions used Big Dye (Applied Biosystems) version 2.0 or version 3.0 and were run on an ABI Five random genomic fragments were derived by shotgun sequencing of total genomic DNA from strain Xav19 (64) . Genomic DNA was digested with MboI, and fragments of 0.5 to 1 kb were gel purified, blunted with T4 DNA polymerase, and then blunt ligated into the positive selection cloning vector pZero2.0 (Invitrogen). Inserts were sequenced using universal M13 primers, and the sequences were subjected to a BLAST search to determine homology to any known proteins. Genomic fragments with homology to known or suspected pathogenicity genes were eliminated. Five fragments of sufficient length were then randomly chosen from the remaining pool; these fragments ranged from 500 to 625 bp. The sixth sequenced locus was the intergenic spacer (IGS) between the 16S and 23S rRNA genes. There are two copies of the IGS within Xanthomonas species; each copy is 493 bp long and contains two tRNA genes (alanine and isoleucine) (20) . The tRNA genes are 75 bp each, leaving 70% of the IGS noncoding. The five random genomic fragments amplified, plus the IGS region, totaled 5.5 kb of sequence for each strain.
Coalescent analysis. We tested the null model of a constant (effective) population size, panmictic mating, and neutral mutations within X. axonopodis pv. vesicatoria by Monte Carlo simulation (30) , using the test statistic Tajima's D (71). Tajima's D was calculated in the program DNAsp 3.0. Ten thousand simulations were run with a fixed number of segregating sites (31, 76) , using the code available from R. Hudson (http://home.uchicago.edu/ϳrhudson1/).
We used two methods to calculate the time back to the MRCA of the current global population of X. axonopodis pv. vesicatoria. One method assumed that the X. axonopodis pv. vesicatoria population underwent a recent bottleneck and/or selective sweep. Under this assumption, the genealogies of samples drawn from a global distribution are expected to have a star-like phylogeny, with the MRCA being the vertex of the star, and the neutral mutations acquired within strains since the MRCA are expected to have a Poisson distribution (61) . To generate a point estimate for the MRCA under this model, we used equation 1,
where G T is the total number of bacterial generations (the sum of all the lineages) in the star phylogeny from the present-day population back to the most recent common ancestor, s is the number of segregating sites (the number of polymorphisms) in the sample, v is the neutral mutation rate per base pair per generation, and L is the length (bp) of DNA sequenced. To obtain G, the number of bacterial generations from the MRCA to a single current strain, we divided G T by n, the number of lineages (strains) in the sample (n ϭ 55 
To calculate G TL , we used equation 3 to find the number of bacterial generations at which the sum of the probability of seeing at least s mutations equaled 0.025.
Both G TU and G TL were divided by n to determine the confidence intervals (G U and G L ) for the time since the MRCA to a single current strain. The second method for calculating the MRCA assumes that the population has evolved neutrally over time since the MRCA (with a constant population size) and does not assume any specific phylogenetic structure. Simply,
where is the nucleotide diversity (the number of nucleotide differences per base pair between any two randomly chosen sequences). We calculated by using equation 5 (45) ,
x i x j ij (5) in which x i and x j are the frequencies of the ith and jth alleles in the sample and ij is the number of nucleotide differences between the ith and jth sequences. The total number of nucleotide differences between sequences was determined using the program Megalign (DNASTAR, Madison, WI); sequences were aligned using the ClustalW algorithm. The ratios of nonsynonymous (amino acid-altering) to synonymous (silent) base pair changes (K a /K s ratios) were determined using the program DNAsp 3.0.
For tests of population structure within X. axonopodis pv. vesicatoria (n ϭ 55), DNA sequences from the seven chromosomal loci (avrBs2, X. axonopodis pv. vesicatoria fragments 1, 2, 3, 4, and 5, and the IGS) were concatenated to form a All PCRs had an initial denaturation time of 3 min at 95°C, followed by 35 cycles of 30 s at 95°C, 30 s at the specified annealing temperature (in°C), and 72°C at the specified extension time, with a final 5-min extension at 72°C. 
RESULTS

Strain classification.
Although the species designation Xanthomonas campestris pv. vesicatoria is still used to describe bacteria that cause bacterial spot disease in peppers and tomatoes, it has been shown that the bacteria classified within this species can be classified into four distinct groups (termed groups A, B, C, and D), constituting at least three separate species (33, 65, 74) . Based on the HrpB digestion patterns (53), our initial sample of 36 Xanthomonas pathogens consisted purely of group A strains (Table 1 ). In addition, our second set of 19 Xanthomonas strains known to evade Bs2 gene detection (i.e., carrying mutated avrBs2 alleles) were also all group A strains. Suggested names for the A group species are Xanthomonas axonopodis pv. vesicatoria (74) and Xanthomonas campestris pv. vesicatoria (60) . In this paper, we use the nomenclature of Vauterin et al. (74) and refer to the A group species as Xanthomonas axonopodis pv. vesicatoria.
Strains were also tested for their ability to degrade starch (amylolytic ability). Generally, group A strains are expected to be amylolytically deficient, although exceptions have been noted (12, 33) . Comparison of amylolytic ability and species designation revealed that three strains were amylolytic strains (5.5%) ( Table 1) . Amylolytic group A strains have been previously identified in North and Central America and are considered a subgroup (A1) within the A group (33) . Some other variation was observed among the X. axonopodis pv. vesicatoria strains during routine culturing, both for colony morphology and clumping (flocculence) in liquid culture (Table 1) . Disease and defense response phenotypes of the X. axonopodis pv. vesicatoria strains were indistinguishable from each other when used to infect susceptible and resistant pepper plants, respectively.
Identification of X. axonopodis pv. vesicatoria chromosomal fragments. Completion of the genomic sequences of the related pathogens Xanthomonas axonopodis pv. citri strain 306 (NC_003919) and Xanthomonas campestris pv. campestris strain ATCC 33913 (NC_003902) after the start of this project allowed us to further identify the five random chromosomal genes we analyzed for genetic variation. For all BLASTn search results, a sequence from Xanthomonas axonopodis pv. citri had the highest similarity to X. axonopodis pv. vesicatoria genomic sequences, with a sequence from Xanthomonas campestris pv. campestris the next closest match. (Percent nucleotide identities for X. campestris pv. campestris sequences were generally 1 to 15% less similar than X. axonopodis pv. citri sequences.) The first 300 bp of X. axonopodis pv. vesicatoria genomic fragment 1 (AY613941) has no homology to any sequence; the remaining 309 bp has 94% identity to a stretch of DNA from X. axonopodis pv. citri containing a tRNA glycine (Xac3299) gene and the first 116 bp of estA, a lipase/esterase gene (Xac3300). The first 55 bp of X. axonopodis pv. vesicatoria fragment 2 (AY613942) are 94% identical to the end of a two-component system regulatory protein (Xac3992), while the last 235 bp are 92% identical to the beginning of a conserved hypothetical protein (Xac3993). The 173-bp intervening region between these two genes is less well conserved between X. axonopodis pv. vesicatoria and X. axonopodis pv. citri (57% identical). X. axonopodis pv. vesicatoria fragment 3 (AY613943) is a partial sequence of another conserved hypothetical protein (Xac1554) with 91% identity over the fragment. X. axonopodis pv. vesicatoria fragment 4 (AY613944) is a partial sequence of fhuE (Xac3370), an outer membrane receptor for the uptake of ferric iron, with 91% identity over the fragment. Finally, X. axonopodis pv. vesicatoria fragment 5 (AY613945) is a partial sequence of the response regulator vieA (Xac2868) with 95% identity over the fragment. Assuming that the gene order in X. axonopodis pv. vesicatoria is highly colinear with the X. axonopodis pv. citri genome, we were able to build an approximate map of where the X. axonopodis pv. vesicatoria genomic fragment sequences lie within the chromosome (Fig. 1) . Colinearity between X. axonopodis pv. vesicatoria and X. axonopodis pv. citri is likely, given that 85% of the genes shared between the more distantly related X. axonopodis pv. citri and X. campestris pv. campestris genomes are colinear (20) .
Genetic variation within X. axonopodis pv. vesicatoria alleles of avrBs2. Sequence analysis of avrBs2 ϩ alleles from the initial set of 36 X. axonopodis pv. vesicatoria strains revealed extremely low levels of genetic variation. Thirty alleles were 100% identical to each other (as well as to the GenBank sequence AF114720). The remaining six alleles contained three polymorphic sites ( Table 1 ). The first polymorphic site was shared by five X. axonopodis pv. vesicatoria strains from North and Central America and the Caribbean: Xav880 (Mexico), Xav950 (Mexico), Xav996 (Mexico), Xav374 (Barbados), and Xav75-4 (United States). This shared polymorphism consists of two adjacent base pair changes at positions 870 and 871 in the coding sequence. These two changes always occur together and affect the second and third base pairs in a single amino acid (amino acid 231), changing TTC (phenylalanine) to TCA (serine). We consider it likely that these two base pair VOL. 71, 2005 REDUCED X. AXONOPODIS PV. VESICATORIA GENETIC VARIATION 2423 differences are the results of a single mutational event, and hence, consider them as a single polymorphic site in our coalescent analysis below. The remaining two polymorphic sites are unique mutations found only in strain Xav235 from Guadaloupe. One of these mutations is an A-to-G transition 53 base pairs before the start codon. This mutation does not occur within the putative plant-inducible promoter that lies upstream of the coding sequence (70) , and its effect on gene transcription, if any, is unknown. The second mutation within Xav235 occurs at base pair 626 in the coding sequence, changing AAG (lysine) to AGG (arginine). Examination of the second set of 19 X. axonopodis pv. vesicatoria strains known to contain mutated (nonfunctional) avrBs2 alleles detected nine different mutations, all of which cause amino acid alterations to the avrBs2 protein ( Table 3) . Three of the mutations are base pair replacement changes, one strain contains the insertion of a large transposon (in GenBank as AF077016; IS1646), and the remaining five mutations represent smaller insertions or deletions. The most common mutational class, found in eight strains, is the insertion or deletion of a 5-bp CGCGC repeat; functional avrBs2 ϩ alleles contain three copies of this repeat toward the 3Ј end of the protein coding region. The next most common mutation, found in four strains, is a G-to-C transversion at position 1386. Two strains have a G-to-A transition at position 1100, and the remaining five mutations are found only once.
Genetic variation within the X. axonopodis pv. vesicatoria chromosome. The five chromosomal DNA fragments from all 55 X. axonopodis pv. vesicatoria strains (strains carrying both avrBs2 ϩ and mutant avrBs2 alleles) contain almost no polymorphism (Table 1) . We found only two polymorphic sites within a total of 154,000 sequenced base pairs. One of these sites is unique, again in strain Xav235, and is a C-to-A transversion in genomic fragment 2 (within the conserved hypothetical protein). The second polymorphic site is a C-to-T transition occurring in fragment 5 (putative response regulator). This "T" polymorphism is found in 15 strains (27%), all of which contain an avrBs2 ϩ allele. Interestingly, all five strains containing the 2-base-pair (870 and 871) polymorphism in avrBs2 ϩ occur within these 15 "T" strains. The 19 X. axonopodis pv. vesicatoria strains carrying mutant avrBs2 alleles are indistinguishable from the 36 strains carrying avrBs2 ϩ based on genetic diversity of the background chromosome.
Diversity within the IGS rRNA operon (AY613946) was also nearly absent among the 55 X. axonopodis pv. vesicatoria strains. Only a single X. axonopodis pv. vesicatoria strain, Xav458 (Costa Rica; avrBs2 ϩ ), contains any polymorphisms. Within Xav458, there are two heterozygous sites (the two IGS copies in the chromosome contain a different base at each position). One site in Xav458 is heterozygous for T/C, while all other X. axonopodis pv. vesicatoria strains are homozygous for T. The second site is heterozygous for C/A, while all other X. axonopodis pv. vesicatoria strains are homozygous for C. Both of these heterozygous sites occur in a noncoding region of the IGS, after the two tRNA genes and before the 23S rRNA gene. The calculated nucleotide diversity per base pair between any two strains in X. axonopodis pv. vesicatoria is very low ( ϭ 9.1 ϫ 10 Ϫ5 ), based on the 5,524-bp concatenation of all seven genomic loci.
Analysis of avrBs1. PCR revealed the presence of avrBs1 (ORF 2) in 16 of the 55 X. axonopodis pv. vesicatoria strains ( Table 1) . Fifteen of the avrBs1 alleles are 100% identical to each other. The remaining strain, Xav374, contains a 1.2-kb transposable insertion sequence (IS) element insertion but otherwise is identical to the other 15 avrBs1 sequences. The IS element present in Xav374 is 98% identical to IS476, a previously described active insertion element in X. axonopodis pv. vesicatoria (36) . All 16 avrBs1 alleles differ from the published avrBs1 sequence (58) (M32142) at bp 1390. The published sequence contains a G at this position, while all our sequences contain a C. This changes the published amino acid 226 (ORF 2) from TTG (leucine) to TTC (phenylalanine). A significant correlation exists between the presence of avrBs1 and the "T" polymorphism within X. axonopodis pv. vesicatoria fragment 5 (Table 1) ; 13 out of the 15 strains which carry a "T" at this position also contain avrBs1, while only 3 out of the 40 strains which carry a "C" contain avrBs1 (Fisher's exact test; P Ͻ 0.0001). Three strains carrying avrBs1 fail to elicit a defense response in plants carrying the corresponding Bs1 R gene. One of the three strains is Xav374 (IS insertion), but the other two strains, Xav1924 and Xav488, contain no sequence differences between them and the other functional alleles over the entire coding region.
Plasmid profiles in X. axonopodis pv. vesicatoria. Table 4 describes the plasmid profiles found in the 55 X. axonopodis pv. vesicatoria strains; only two strains do not have any plasmids. Of the remaining 53 strains with plasmids, the number of plasmids per strain ranges from one to eight, while the majority of strains (55%) have four plasmids. A total of 20 different plasmids (based on size) were identified in the 55 strains. The most frequently observed plasmids were 35 kb (80%), 25 kb (66%), and 155 kb (66%) (Fig. 2) . Most of the strains (75%) harbor one of the two largest plasmids, either 190 kb or 155 kb. While some plasmids were found to be very prevalent in the strains, the overall plasmid profiles of each strain were highly diverse. Of the 53 strains with plasmids, there were 28 different plasmid profiles. The majority of these profiles (19 out of 28, or 68%) were detected only once, and 89% of the profiles occurred no more than twice. Only three plasmid profiles (designated A, I, and P) ( Table 4) were found more than twice among the 55 strains. Three out of the four A profile strains were collected before 1990. Both the I profile (found in 10 strains) and P profile (found in eight strains) were predominately found in the sample of 19 mutant avrBs2 strains collected more recently in the southeastern United States. Within this sample, 12 out of the 19 strains (63%) contain either I or P profiles.
The avrBs1 gene has been shown to reside on a large (approximately 190-kb), transmissible plasmid with X. axonopodis pv. vesicatoria strains (66) . We found that all strains carrying a copy of the avrBs1 gene contained a large plasmid, either 155 or 190 kb. However plasmids of these sizes are not confined solely to strains carrying avrBs1; indeed, 75% of all X. axonopodis pv. vesicatoria strains harbor one of these two plasmids. In addition, there was not a single plasmid size that correlated with a particular phenotype (i.e., colony morphology, amylolytic ability, or flocculence). The only significant correlation between a particular plasmid size and a polymorphism was between strains harboring the "T" polymorphism within X. axonopodis pv. vesicatoria fragment 5 and the presence of the 1.8-kb plasmid (Fisher's exact test; P Ͻ 0.0001). Interestingly, the only strain to contain variation within the IGS region, Xav458, also has a significantly different plasmid profile: Xav458 contains the highest number of plasmids detected within a strain, and four of its eight plasmids were found in no other X. axonopodis pv. vesicatoria strain. Coalescent analysis of Xanthomonas species. The extremely low level of genetic variation found in X. axonopodis pv. vesicatoria implies that the current X. axonopodis pv. vesicatoria population can trace its origin to a very recent common ancestor. This could have resulted from a recent selective sweep or a population bottleneck followed by recent expansion. These two explanations are both consistent with the results of Tajima's D test on the concatenated sequences for the 55 X. axonopodis pv. vesicatoria strains, which yielded a negative value of D (D ϭ Ϫ1.267; neutral expectation, D ϭ 0). However, we cannot reject the null hypothesis of neutral evolution and constant population size due to the marginal significance of the P value (P ϭ 0.090) from the Monte Carlo simulations on the data.
Because we could not formally reject the null hypothesis, we used two calculations to determine the time back to the MRCA of X. axonopodis pv. vesicatoria. One equation (equation 1) assumes a recent population bottleneck and/or selective sweep, and hence, expects the strains to have a star-like phylogeny (61) . The other equation (equation 4) assumes a neutral model of evolution with a constant population size but no specific phylogenetic relationship among strains. For these equations, L is 5,524 bp, n is 55 strains, is 9.1 ϫ 10 Ϫ5 , and s is 7. To estimate , we assumed a neutral evolutionary mutation rate of 0.0034 per genome per generation, based on the empirical calculations for DNA-based microbes of Drake et al. (22, 23) . We estimated the genome size of X. axonopodis pv. vesicatoria (5,126 kb) by taking the average of the published genome sequences of the two close Xanthomonas relatives, X. axonopodis pv. citri (5,176 kb) and X. campestris pv. campestris (5,076 kb) (20) . The neutral mutation rate for Xanthomonas was thus calculated as follows: v ϭ 0.0034/5,126,000 bp ϭ 6.63 ϫ 10 Ϫ10 mutations per base pair per generation. This estimate of the Xanthomonas neutral mutation rate is consistent with the empirical calculation of the neutral mutation rate (1.44 ϫ 10 Ϫ10 ) for Escherichia coli by Lenski et al. (43) . With these parameters, equation 1 (which assumes a recent bottleneck/ To translate the number of generations into years, it is necessary to know the number of bacterial generations that occur per year, which is very difficult to estimate. To determine an estimate of the number of bacterial generations per year, we first calculated the expected number of bacterial generations per day in infected plant tissue. We then estimated the length (in days) of the pepper growing season per year; this yields a maximum estimate of bacterial generations per year. Specifically, we determined r, the intrinsic growth rate of X. axonopodis pv. vesicatoria, by using the equation n t ϭ n 0 e rt . The parameters n t and n 0 were determined using data (39, 77) on the ability of X. axonopodis pv. vesicatoria to grow in pepper plants under optimal greenhouse conditions. In an average growth curve experiment, n 0 is 5 ϫ 10 2 cells, and after a t of 5 days, n t is 5 ϫ 10 7 , yielding an r of 2.3026. The doubling time of a species is equal to (ln 2)/r; therefore, the doubling time of X. axonopodis pv. vesicatoria in a growth curve infection under optimal conditions with unlimited susceptible plant tissue is 7.22 h, or 3.32 generations per day. Although X. axonopodis pv. vesicatoria may overwinter in dead plant tissue or seeds, most bacterial reproduction is expected to occur in infections of host plants because X. axonopodis pv. vesicatoria does not survive long in the soil and is not a good epiphyte (34, 55) . The pepper-tomato growing season lasts up to 4 months, but susceptible plant tissue will be depleted from the field rather quickly during a severe epidemic (maximum bacterial replication). An experimental X. axonopodis pv. vesicatoria epidemic of cultivated pepper fields found that approximately 6 to 8 weeks after inoculation, very little susceptible pepper plant tissue remains uninfected (40) . In warmer climates, three crops may be planted within a single year. This leads us to estimate the number of bacterial generations per year to be no more than 500 generations (3.32 generations per day ϫ 50 days of susceptible tissue per crop ϫ 3 crops per year). Indeed, this is probably a gross overestimate, since such a high, constant reproductive rate is unrealistic under natural conditions in the field. Hence, we arbitrarily set a much more conservative lower limit of 50 bacterial generations per year. Assuming, then, a range of 50 to 500 bacterial generations per year, the time back to the MRCA of species X. axonopodis pv. vesicatoria, using equation 1, is estimated to be 28 (i.e., G L /500) to 1,432 (i.e., G U /50) years ago. Using the point estimate from equation 2, we obtain a slightly longer time back to the MRCA, namely, 274 to 2,740 years ago.
DISCUSSION
Lack of genetic diversity within the X. axonopodis pv. vesicatoria (group A) species. Within the last 10 years, it has become clear that the bacterial pathogen known as "Xanthomonas campestris pv. vesicatoria" is actually made up of four distinct groups (A, B, C, and D) representing at least three distinct species (33, 65, 74) . The vast majority of bacterial spot disease on pepper and tomato is caused by groups A and B; group C has a limited distribution, and group D is very rare (35) . Based on reactions to antibodies, enzymatic tests, DNA-DNA hybridization studies, and rRNA sequencing, the groups A (Xanthomonas axonopodis pv. vesicatoria) and B (Xanthomonas vesicatoria) have been shown to be distinct bacterial species (33) . The distributions of these two species among host plants are not uniform: group A bacteria infect peppers and tomatoes equally, while group B predominately infects tomatoes (13) . Given that all the strains used in this study were collected from infected peppers, it is not surprising that all of them are group A (X. axonopodis pv. vesicatoria).
Within our 55 X. axonopodis pv. vesicatoria strains, we found extremely low levels of variation in both the avr genes and the bacterial chromosomes. The most variable strain (Xav235) contains only three base pair changes over a total 5.5 kb of sequenced genomic DNA. The lack of variation in X. axonopodis pv. vesicatoria is unusual compared to other pathogenic xanthomonads. For example, four published studies of carefully defined Xanthomonas species or pathovars all found very deep levels of diversity among bacteria collected over a wide geographic area, with the greatest diversity often found in areas of host plant origin: X. campestris pv. mangiferaeindicae (mango bacterial black spot) (26), X. campestris pv. campestris and X. campestris pv. armoraciae (crucifer black rot) (2), X. axonopodis pv. manihotis (cassava bacterial blight) (57), and X. oryzae pv. oryzae (rice bacterial blight) (44) . Similarly, a recent study of many pathovars of the closely related pathogen Pseudomonas syringae found deep diversity among the core genomes, suggesting that this pathogen has been an endemic plant pathogen over a long span of evolutionary time (59) . Finally, studies of human bacterial pathogens have found that many species contain a high level of genetic diversity (25, 28, 51, 63) . Two possible biases may have led to a skewed view of the genetic variation in this species. First, our samples are restricted to strains found on peppers, whereas X. axonopodis pv. vesicatoria is also commonly found infecting tomatoes. However, a study of diagnostic PCRs on a worldwide sample of X. axonopodis pv. vesicatoria strains (X. campestris pv. vesicatoria group A) collected from both peppers and tomatoes showed that the tomato strains are neither more variable than nor differentiated from strains collected from peppers (46) . The second possible bias comes from the fact that all our samples came from diseased plant tissue. It is known from the medical literature on human bacterial pathogens that epidemics are often caused by a single clone or group of closely related clones (51, 63) , suggesting that diseased hosts may not carry all the variation present in a bacterial population. We suspect that such a subsampling issue is not relevant for X. axonopodis pv. vesicatoria because these bacteria do not survive long outside of plant tissue or in the soil (34, 55) . In addition, the studies of genetic diversity among other Xanthomonas species cited above all found high levels of genetic diversity when collecting was done solely from diseased plant tissue. Finally, the strains we analyzed were collected over a 33-year period, making it very unlikely that our samples are the result of the spread of a single epidemic. Nonetheless, it is important to note that all the X. axonopodis pv. vesicatoria strains examined in this study came from cultivated peppers. We cannot rule out the possibility that the genetic profile of X. axonopodis pv. vesicatoria (group A) strains associated with wild, uncultivated pepper and tomato species may be different from the genetic profile seen in X. axonopodis pv. vesicatoria strains that infect cultivated plants. Neither can we rule out the possibility that the genetic variation may be different for those regions of the world from which we did not have samples. Therefore, the results of this study are limited to the populations of X. axonopodis pv. vesicatoria infecting cultivated peppers and tomatoes in the regions of the world that were sampled.
Although we found very little genetic variation in the chromosome of X. axonopodis pv. vesicatoria, several studies have shown phenotypic variation among pepper and tomato leaf spot pathogens for traits such as carbon utilization, pectolytic and amylolytic activity, serology, and fatty acid profiles (12, 13, 33, 65) . We also found some phenotypic diversity among our X. axonopodis pv. vesicatoria strains (Table 1) . One possible explanation for this dichotomy between genetic and phenotypic variation is the introduction of novel DNA sequences into the chromosome by large mobile elements, such as bacteriophages and transposons. These mobile DNA elements are known to be important sources of novel genetic variation in bacterial evolution and often contain genes important to bacterial fitness and virulence (7, 54) . The analysis presented here is not extensive enough to determine if variations in transposon or phage integrations have occurred within our sample of X. axonopodis pv. vesicatoria chromosomes, possibly contributing to the phenotypic differences observed. However, the work of Louws et al. (46) suggests that large-scale genomic differences among X. axonopodis pv. vesicatoria strains are unlikely.
Plasmid profiles and variation. A second possible source of phenotypic variation within X. axonopodis pv. vesicatoria strains may be encoding by the many different endogenous plasmids this species harbors. Bacterial plasmids are known to encode a wide variety of ecologically important traits, such as antibiotic resistance (21), degradation of xenobiotic organic compounds (73) , resistance to heavy metals (13, 73) , pathogenic virulence factors (32, 75) , and various other phenotypic traits, including pigmentation and mucoidy (18, 75) . Our results are consistent with the report of Canteros et al. (15) , which found a large diversity of plasmids (up to 300 kb) among Xanthomonas pathogens collected from peppers and tomatoes (both groups A and B). Within our sample, 69% of the X. axonopodis pv. vesicatoria strains contain four or more plasmids, and the strains harbor at least 20 different plasmids; this level of plasmid diversity is seen consistently over time within our collection as well. Because we only categorized the plasmids by size, it is likely that several different plasmids were classified within the same size category, and therefore, our estimate of plasmid diversity within X. axonopodis pv. vesicatoria is conservative. X. axonopodis pv. vesicatoria appears to contain a higher number of plasmids than is usually observed within soil-or plant-associated bacteria. Although studies of plasmid diversity among a global sample of a particular bacterium are not common, examinations of plasmids within populations of various Pseudomonas syringae pathovars, Xanthomonas species, and Bacillus species have generally found that the bacteria carry zero, one, or two plasmids per strain (3, 6, 17, 42, 68, 69, 78) . Still, the relatively high number of plasmids observed within X. axonopodis pv. vesicatoria is not unprecedented. A study of plasmids within a global sample of the closely related pathogen Xanthomonas axonopodis pv. citri found a high degree of plasmid diversity and that strains harboring three or four plasmids were common (56) . In addition, Escherichia coli has been shown to carry on average four plasmids per strain (14) . The presence of so many different plasmids within X. axonopodis pv. vesicatoria offers the species a potentially large source of genetic variation.
We were unable to detect a significant correlation between a single plasmid size and most of the phenotypic and/or genetic variation observed within the 55 X. axonopodis pv. vesicatoria strains in our sample, including the presence or absence of avrBs1. avrBs1 has been shown to be associated with a large plasmid (pXvCu) that also carries genes for copper resistance and streptomycin resistance (66) . While all of the X. axonopodis pv. vesicatoria strains in our sample that contain avrBs1 also contain a large plasmid (155 kb to 190 kb), many strains negative for the avrBs1 gene also contain large plasmids. This result is typical of studies that try to find a correlation between plasmids categorized by size and a particular phenotypic trait. For example, one recent study of plasmids conferring copper and streptomycin resistance in the plant pathogenic bacterium Pseudomonas syringae pv. syringae found that a ubiquitous, 62-kb plasmid often contained genes for copper resistance, but the same-size plasmid in copper-sensitive strains did not contain these genes (17) . Conversely, it has been shown that plasmid-encoded traits, such as antibiotic resistance or metal tolerance, are often located on different-size plasmids within a single species (17, 69) . The heterogenic nature of plasmids is not surprising given the ability of plasmids to readily exchange genetic information, due to their ability to self-mobilize into other bacterial strains and species, as well their possession of other mobile genetic elements, such as transposons. Indeed, an examination of recombination within several conjugative plas-mids in E. coli found extensive recombination among plasmid genes, with rates much higher than that detected for chromosomal genes (14) .
Variation within avr gene alleles. The most straightforward way to interpret avr-driven evolutionary dynamics is to detect a difference between the evolutionary history of an avr gene sequence and those of other chromosomal genes. However, we detected no such differences between the X. axonopodis pv. vesicatoria chromosome and avrBs2 sequences. Instead, we found very low levels of genetic variation throughout the entire genome. The 16 alleles of avrBs1 identified in X. axonopodis pv. vesicatoria are also nearly uniform, although the gene is variable in its presence or absence among strains. Interestingly, the avrBs1 alleles identified in our X. axonopodis pv. vesicatoria strains are 100% identical to the avrBs1 allele found in the chromosome of X. campestris pv. campestris (20) . This perfect identity is at odds with the rest of the X. axonopodis pv. vesicatoria and X. campestris pv. campestris genomic sequences, which are generally between 80 and 90% identical at the nucleotide level, and with the avrBs2 genes from X. axonopodis pv. vesicatoria and X. campestris pv. campestris (Xcc0052), which are 78% identical at the nucleotide level and differ in the presence of an additional four amino acids in X. campestris pv. campestris. (In contrast, the avrBs2 genes from X. axonopodis pv. vesicatoria and X. axonopodis pv. citri [Xac0076] are 96% identical at the nucleotide level). The perfect identity between the X. campestris pv. campestris avrBs1 gene and the avrBs1 alleles found in our X. axonopodis pv. vesicatoria strains suggests that X. campestris pv. campestris may have acquired the avrBs1 gene recently via horizontal gene transfer. This speculation is supported by the fact that the X. campestris pv. campestris avrBs1 gene is surrounded by four different transposases, two on either side.
Recent evolution of avrBs2 within X. axonopodis pv. vesicatoria. The R gene Bs2 has been introduced extensively into cultivated pepper within the past decade. Indeed, by the mid1990s, many cultivated pepper varieties in the United States carried at least one copy of this R gene (39) . Pepper resistance by Bs2 has proven effective in controlling bacterial spot; however, new strains of X. axonopodis pv. vesicatoria that evade Bs2 detection were quickly found in pepper fields (39, 41) . Indeed, before the mid-1990s, only X. axonopodis pv. vesicatoria strains carrying wild-type avrBs2 (avrBs2 ϩ ) had been detected. Although X. axonopodis pv. vesicatoria strains harboring mutated alleles of avrBs2 are now common in the southeastern United States, the prevalence of these strains within the population has not yet been reported. Therefore, we calculated the frequency of mutated avrBs2 alleles in X. axonopodis pv. vesicatoria strains collected from pepper and tomato fields in the southeastern United States between the years 1986 and 2000 (Fig. 3) . Examination of Fig. 3 shows that bacterial populations were nearly fixed for wild-type avrBs2 until 1997, when mutant avrBs2 alleles were detected at significant levels (10%) for the first time. By the year 2000, the amount of mutant avrBs2 in bacterial populations had reached around 50%.
Previous work has shown that the loss of avrBs2 in X. axonopodis pv. vesicatoria leads to reduced fitness of the bacteria, i.e., in planta growth reduction (37) , reduced disease transmission, delayed symptom development, and reduced epiphytic survival (77) . Despite these fitness costs, both field and greenhouse tests have shown that strains containing mutated avrBs2 alleles are still pathogenic and can cause significant disease and crop loss (27, 39, 41, 77) . Nevertheless, the fact that 50% of X. axonopodis pv. vesicatoria strains in the field still carry the avrBs2 ϩ allele suggests that avrBs2 ϩ may be selectively favored in some situations. Total loss of avrBs2 function does not appear to be a good evolutionary pathway for the bacteria, at least when pathogens still have the chance of infecting a nonresistant host.
Analysis of avrBs2 alleles from strains that evade R gene detection revealed evidence of recent selection for mutations that affect the encoded protein, including large transposon insertions, frameshifting insertions/deletions, and single amino acid changes (Table 3) (27) . A very similar pattern of nucleotide change was observed among nonfunctional alleles of the avr genes avrD from Pseudomonas syringae pv. glycinea and avrPphE from Pseudomonas syringae pv. phaseolicola (38, 67) . For these two avr genes, most mutations within the nonfunctional alleles were not synonymous but were single base pair changes affecting critical amino acids. We were not surprised to find that the most common mutation within our sample of 19 mutant avrBs2 alleles in Xanthomonas is a change in the repeat structure of the 5-bp CGCGC repeat. This area of the gene would be expected to have a higher mutation rate, due to the possibility of polymerase slippage during replication (24) . Aside from the mutations in avrBs2 listed in Table 3 , the 19 X. axonopodis pv. vesicatoria strains carrying mutant avrBs2 alleles were identical (they contained no synonymous changes) to the consensus sequence from the 36 avrBs2 ϩ alleles. We conclude from these data that the 19 X. axonopodis pv. vesicatoria strains carrying mutant avrBs2 alleles in our sample were recently derived from the local X. axonopodis pv. vesicatoria population, which harbored the ubiquitous avrBs2 ϩ allele. Further, the six additional sequenced chromosomal loci from the 19 X. axonopodis pv. vesicatoria strains carrying mutated avrBs2 were 100% identical to the consensus sequences of the 36 X. axonopodis pv. vesicatoria strains carrying avrBs2 ϩ , indicating that the release of resistant pepper varieties in the United States has not resulted in an altered pattern of X. axonopodis pv. vesicatoria chromosomal variation.
An examination of the plasmid profiles within the strains carrying mutated avrBs2 alleles supports the idea that a few avrBs2 mutations arose recently within a few strains. All strains sharing a particular mutation (excluding loss or gain of the 5-bp CGCGC repeat) also share the same plasmid profile (Table 3 ). This result seems uncharacteristic for a species with such high plasmid diversity. Instead, it seems more likely that selection has spread a few founding isolates, carrying mutated avrBs2, throughout the greater X. axonopodis pv. vesicatoria population. The only class of mutation not to show a conserved plasmid profile is the expansion/contraction of the 5-bp CGCGC repeat (although one plasmid profile is found in three out of the six strains carrying a 5-bp insertion). Again, because the frequency of this particular mutation is expected to be higher than single base pair changes or other genomic insertions/deletions, it is not surprising that changes within the CGCGC repeat structure appear to have arisen independently in several different X. axonopodis pv. vesicatoria strains.
Under an arms race model, the pathogen is expected to accumulate discrete sequence changes that maintain gene function (i.e., full virulence) but evade R gene detection. We did not find this pattern for the majority of our mutant alleles. Instead, five mutations, found in 58% of the mutant strains, are predicted to completely alter a significant proportion of the avrBs2 protein sequence, which presumably has a detrimental effect on protein function. Without a functioning Avr protein, it is unlikely that a host plant could mount an evolutionary response that would lead to avr gene recognition, as would be expected under an arms race model. However, one of the mutations we found in our set of 19 mutant avrBs2 alleles has been shown to be consistent with an evolutionary arms race. In particular, Gassmann et al. (27) showed that the G-to-C transversion at 1386 retains virulence (as measured by in planta bacterial growth) on resistant plants yet also completely evades Bs2 gene detection. This particular mutation was found in 21% of our mutant strains, the second most common mutation in our study. Another mutation identified by Gassmann et al., but one we did not find in our study, is moderately consistent with an arms race model. This mutation is a C-to-A transversion at 1407 and results in partial bacterial virulence and partial plant defense induction in resistant plants. It is unclear how the three untested, in-frame, nonsynonymous mutations uncovered in our study (the 12-bp insertion at 1305, the CC-to-AA transversion at 1165 to 1166, and the G-to-A transversion at 1100) would affect avrBs2 function/virulence. In addition, it is important to remember that secondary mutations may arise in another gene which compensate for a mutation in avrBs2, restoring full virulence to the pathogen. Further study of a possible arms race between avrBs2 and Bs2 would be best served by focusing on the avrBs2 mutations that have little or no effect on pathogen fitness. This, however, would require a more thorough understanding of the impact of a particular avrBs2 mutation on bacterial fitness, such as field analysis of transmission and lesion development. It would also be necessary to determine if secondary mutations within other genes are able to suppress any fitness costs associated with avrBs2 mutations.
Evolutionary interpretation of low genetic variation in X. axonopodis pv. vesicatoria. There are two possible explanations for the reduced level of genetic variation we observed in X. axonopodis pv. vesicatoria. Either the population experienced a bottleneck in the effective population size in the recent past, followed by population expansion to its current level, or some gene(s) on the chromosome was subjected to a selective sweep with insufficient recombination to reduce genetic hitchhiking. The extents of recombination among different bacterial populations are highly variable (24a, 28, 28a, 62a, 62b) . Because of the lack of genetic diversity within our X. axonopodis pv. vesicatoria strains, we were unable to detect any recombination among the genomic sequences, although a recent report by Sarkar and Guttmann (59) found very low levels of recombination among many pathovars of the plant pathogen Pseudomonas syringae.
A recent selective sweep would be consistent with the predictions of an arms race between avr and R genes. However, it is impossible to know which gene(s) was the target of selection during the sweep, since the reduction in genetic diversity extends throughout the X. axonopodis pv. vesicatoria chromosome (71) . A negative Tajima's D, such as we saw (Tajima's D ϭ Ϫ1.267), indicates that there is an overabundance of rare (singleton) alleles in the population of sequences, supporting the occurrence of a population bottleneck or selective sweep. Note, however, that the null hypothesis of neutral evolution and constant population size could not be rejected due to the marginally significant P value (P ϭ 0.09). This lack of power may stem from the near absence of genetic variation among the X. axonopodis pv. vesicatoria sequences ( ϭ 9.1 ϫ 10 Ϫ5 ). In other words, this test relies on the presence of genetic variation; if all sequences are 100% identical, then Tajima's D will equal zero, even though a complete lack of genetic variation would indicate nonneutral evolution within a population.
The lack of genetic variation in X. axonopodis pv. vesicatoria implies that the present-day population can trace its ancestry back to a relatively recent common ancestor. Although we cannot formally reject the null hypothesis that the current X. axonopodis pv. vesicatoria population has evolved neutrally, with a constant population size, from its MRCA, we believe that the pattern of extremely low genetic diversity in the X. axonopodis pv. vesicatoria strains supports the hypothesis that this species has undergone a recent population bottleneck and/or selective sweep. For this reason, we believe equations 1 to 3 are a better calculation of the number of bacterial generations that have passed since the MRCA of the current X. axonopodis pv. vesicatoria population. Using these equations, we estimate that the modern population of X. axonopodis pv. vesicatoria coalesces to an MRCA roughly 14,000 to 71,600 bacterial generations ago. Assuming a conservative estimate of 50 bacterial generations per year, this yields an upper limit of approximately 1,400 years back to the MRCA (or around AD 500 to 600). Increasing the number of bacterial generations to 500 per year yields a dramatically lower limit of only 28 years back to the MRCA.
It is interesting that this range of coalescent dates coincides well with human intervention with the two host plants, pepper (Capsicum spp.) and tomatoes (Lycopersicon spp.). The domestication of pepper in the New World is thought to have been completed between 1500 and 900 BC (48) . While the domestication of the tomato is not as well known, it is thought to have occurred much later, perhaps as late as AD 700. Further human manipulation of these two species came in the guise of Western conquerors, who brought peppers and tomatoes back from the New World in the AD 1500s; cultivation of these two crops, especially peppers, quickly spread across the globe (11) . It is possible that X. axonopodis pv. vesicatoria underwent a population bottleneck or selective sweep, or both, due to its association with pepper and/or tomato during their domestication or later dissemination throughout the world. Alternatively, large-scale modern agricultural changes within the 20th century (including the development of global distribution of hybrid seed produced in a few areas of world) may have selected for and/or disseminated a single dominant clone of X. axonopodis pv. vesicatoria throughout the world. Although we cannot know for certain the historical event(s) which led to the reduced genetic variation within X. axonopodis pv. vesicatoria strains that infect cultivated plants, it is evident from the work presented here that the strains come from a highly clonal population. Additionally, it is highly probable that the population can trace its lineage back to a very recent common ancestor. To gain a more thorough understanding of this pathogen's evolutionary history, it will be necessary to identify Xanthomonas pathogens from wild peppers and tomatoes and compare the pattern of genetic diversity seen in these strains to the pattern of genetic diversity observed among strains from cultivated plants. If human intervention had a role to play in the evolution of the current X. axonopodis pv. vesicatoria population found on cultivated plants, then it is possible that this particular Xanthomonas species may not be found on wild plants. Alternatively, if a single clone of X. axonopodis pv. vesicatoria was selected during human domestication/manipulation of the host plants, it is possible that wild plants would harbor an array of genetically diverse X. axonopodis pv. vesicatoria strains. Finally, it would be informative to examine the evolutionary relationship between X. axonopodis pv. vesicatoria (group A) strains and strains from the group B species, which is the other predominant Xanthomonas pepper and tomato pathogen. Examination of these two species might reveal if one species recently arose from the other or if they have distinct evolutionary histories.
